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A method to break the pyridoxaI5’-phosphate (PLP)-phosphorylase b bond using hydroxylamine and slightly acid PH is put 
forward and described in the present paper. This method does not involve drstic conditions or deforming reagents. The 
influence of pH and protein concentration on the removal of PLP from phosphorylase has else been studied. resulting in XI 
order of -0.3 with respect to the er~yme, a value that implies P complex reaction. An additional conclusion is that on increase 
in the protein concentration entails better protection of the enzyme from attack by hydroxylamine. 

1. Intmduction 

The structure of phosphorylase b is strongly 

affected by pH, remaining stable only in the pH 
range 5.0-9.5 [l]. The study performed by Kasvin- 
sky and Meyer [2] on alterations in the maximum 
enzymatic activity with pH shows that this activity 
is related to ionization of two groups with pK 6.1 
and 7.3. The first pK has been assigned to the 
second proton of the phosphate group present in 
the coenzyme and the second to ionization of the 
irnidazoyl ring of an enzyme histidyl residue. 

Cortijo et al. [3] have observed that fluorescence 
of the protein moiety has a constant intensity in 
the pH range 5.0-9.5, while there are changes in 
the fluorescence of the coenzyme around pH 6. 

Pyridoxal 5’-phosphate (PLP) is present in all 
n-glucan phosphorylases, being essential to their 
activity [4]_ In phosphorylase b from rabbit skeletal 
muscle, PLP is bound to Lys-679 [5] tith a 
stoichiometry of one PLP molecule per enzymatic 
subunit, through a Schiff base derivative within a 
hydrophobic envirocment totally inaccessible to 

the solvent with the possible exception of the 
5’-phosphate group [6-81. 

PLP stabilizes the quatemary structure of phos- 
phorylase b which is a prerequisite for activation 
[9]. If we consider all the groups present in PLP. 
only 5’-phosphate and the nitrogen atom of the 
pyridine ring can be involved in the catalytic pro- 
cess [IO-121. However, the nitrogen atom probably 
acts merely as an anchor point between PLP and 
the enzyme [ll]. 

The possibility of an exchacge between the 
phosphate group of the cofactor and the sub- 
strates, Pi and glucose l-phosphate, was ruled out 
by Illingworth et al. [13] using labelled substrates. 

Feldmann and Hull [14], using “P-NMR spec- 
troscopy, state that the 5’-phosphate group of PLP 
is present in the monoanionic form in native phos- 
phorylase and in the dianionic form when the 
activator and substrates are both present. On this 
basis, Helmreich and Klein [15] propose that the 
phosphate group of PLP functions as an acceptor 
and donor of protons in the catalytic process. 

In the present paper, the removal of PLP from 
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phosphorylase b has been carried out using hy- 
droxylamine. The process has been followed using 
light-scattering as well as spectroscopic techniques 
(ultraviolet absorption and fluorescence). The re- 
sults show that eliinination of PLP from phos- 
phorylase b is a complex process strongly affected 
hy pH and enzymatic concentration. 

2. Materials and methods 

Phosphorylase b was obtained from rabbit 
skeletal muscle by the method of Krebs et al. [16]. 
The enzyme was recrystallized three times before 
use. The enzyme concentration was measured 
spectrophotometricaliy using an extinction coeffi- 
cient . E!“. of 13.2 at 280 nm [17], and its activity 
was deizrmined in the direction of glycogen 
breakdown following the procedure first described 
by Helmreich and Cori [18]. 

The buffer solution used in all experiments was 
50 mM glycylglycine, 50 mM KC1 and 0.2 mM 
EDTA adjusted to the desired pH. The molecular 
weight of the monomer was taken as 97500 [5]. 

The reaction between hydroxylamine and the 
enzyme was started by mixing identical volumes of 
both reagents dissolved in the buffer previously 
described at a fixed pH. 

To obtain its Schiff base derivative, PLP (ap- 
prox. 10-s M) was reacted with excess n-hexyla- 
mine (0.1 M in ethanol) to prevent decomposition 
This derivative was diluted IO-fold into 
ethanol/water mixtures so that the final solution 
had the indicated percentage of water; pH was 
adjusted wi:h HCI. pH was determined using a 
pH-meter calibrated with aqueous buffer solutions 
of pH 4.01 + 0.01 and 7.00 + 0.01 at 25 “C. There- 
fore, values obtained for nonaqueous solvents have 
been corrected according to data provided by Bates 
et al. [19] for this kind of measurement in 
ethanol/water mixtures. 

Light-scattering measurements were performed 
using an FICA model 42000 light-scattering pho- 
tometer equipped with a thermostatted xylene bath. 
These measurements were made at an angle of 
900. since the correction factor due to dissyrnrne- 
try is negligible [20.21]_ 

Calculation of molecular weights was accom- 

plished using the equation: 

kc 1 -= 
AR,- j$j 

where A R go o is the Rayleigh ratio of the solution 
at an angle of 90 O, c the protein concentration in 

mg/mL Mv.~pp the weight average molecular weight 
and k is given by: 

k = 27i’n’(dn/dc)~/lOOON,X4 

where n is the refractive index of the solvents, 
dn/dc the specific refractive index increment of 
the protein and X the wavelength of primary light 
in vacuum (546 nm). 

Under our conditions, the apparent weight 
average molecular weight is identical to the weight 
average molecular weight, since the second virial 
coefficient is practically zero for phosphorylase b 
[21]. 

Fluorescence and light-scattering experiments 
were performed at the same temperature. Fluores- 
cence studies were carried out in an FICA model 
55 spectrofluorirneter, recording the change in flu- 
orescence of the characteristic PLP band: excita- 
tion at 425 nm and emission at 535 nm [3]. The slit 
width was 7.5 nm 

Absorption experiments were performed using 
a Zeiss DMR 11 double-beam spectrophotometer 
at 25.0 _t O.l°C. Quartz cuvettes of 1 cm path 
length were used. The slit width was less than 0.6 
nm. 

3. Results 

At 2S°C and in the absence of hydroxylamine, 
phosphorylase b remains in the dimeric form at 
any enzyme concentration [22]. The presence of 
0.1 M hydroxylamine causes alterations in the 
molecular weight, an effect enhanced by a de- 
crease in the pH of the solution (fig. 1). This 
variation points clearly to the existence of two 
processes: firstly, monomeric species are formed 
(due to removal of PLP from the protein) resulting 
in a drop of the molecular weight; secondly, 
apophosphorylase undergoes self-aggregation, 
since the quatemary structure of apophosphory- 
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Fig. 1. Moleculnr weight of the enzyme (1 me/ml) plotted as 3 

function of incubation time in 0.1 M hydroxylamine at 28.5 o C 

and different pH: (a) 5.4. (b) 6.0. (c) 6.3. (d) 7.0 and 7.5 

lase b is unstable at high temperatures [9]. Parallel 
activity assays indicated a decrease in its values 
with incubation time in 0.1 M hydroxylamine. 

The lower the pH. the greater its influence 
becomes upon the change in molecular weight. 
which means that acidity of the solution favours 
both the attack of NH,OH on PLP and the self- 
aggregation process of apophosphorylase. 

Since the effect of enzyme concentration upon 
the process of removal of the cofactor has not 
been described so far, experiments have been per- 
formed at a fixed pH and several protein con- 
centrations (fig. 2). pH 6.0 has been chosen. be- 
cause under these conditions we obtain moderate 
as well as significant variations of the molecular 
weight. Moreover, no enzymatic denaturation due 
solely to pH is observed at this pH value and the 
activity is higher than 80% [3]. 

The change in molecular weight has been plotted 
in fig. 2 vs. incubation time in 0.1 M hydroxyl- 
amine at the pH previously mentioned and differ- 
ent enzyme concentrations. It must be emphasized 
that an increase of the enzyme concentration en- 
tails better protection from the attack by hydrox- 
ylamine. 

The rate of monomerization of the enzyme pro- 
duced by 0.1 M NHzOH at pH 6.0 can be ex- 
pressed as: 

m= k[Enzl]“[NH,OH] I? 
“= - dr 
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Fig. 2. Molrculnr weight of the enzyme 3s a function of 

incubation time in 0.1 Xl hydroxylamine at 28.5OC and pH 

6.0. Ewyme concentration (mg/ml): (a) 0.4. fb) 0.6. (c) 1.0. (d) 

1.5. (e) 2.0. (f) 2.1. (g) 3.0. Inset: absorption band of the 

enzyme (0.6 mg/ml) crntred al 256 nm plotted vs. incubation 

time in 0.1 M hydroxylnmine. Temperature 28.5 o C. 

where [D] is the concentration of dimeric species 
that. at I = 0. can be taken as the total protein 
concentration. since under these conditions. the 
native enzyme is to be found in the dimeric form 
[21.22]. The value of [D] is given by the expres- 
sion: 

(2) 

where c is the enzyme concentration in mg/ml. 
M, the molecular weight of the monomer and E,, 
the weight average molecular weight. 

The expression that gives the initial rate can be 
written as: 

u,, = - 

(3) 

From eq. 3, we obtain: 

- (dM,/dr), 

= [2kM~[NH,OH],h/(2AfJ”] c”-’ (4) 

If we convert eq. 4 to the logarithmic form: 

A’= -log(-ddM,/dr)=constant+(l-u)logc 

(5) 
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Fig. 3. Drwrminntion of the order of rraction for the dissocia- 

tion of the PLP-enzyme bond with respect LO the enzyme 

concentration in 0.1 M hydroxylamine. at 28.5 o C and pH 6.0. 

(A) Calculated from light-scattering mcasurrments. (*) cnlcu- 

lated from fluoresccncr measurements (see rext). 

we obtain an equation that allows calculation of 
the order of reaction with respect to the enzyme 
from the initial slopes of the curves in fig. 2. 
namely (dz,Jdr),,. These values have been 
plotted in fig. 3. giving a slope of 1.3 which means 
that the order with respect to the enzyme is -0.3. 

The results mentioned above indicate a decrease 
of the molecular weight. but do not prove conclu- 
.sively that removal of PLP has been accomplished. 
For this reason. we have undertaken a spectro- 
scopic study of the cofactor under different condi- 
tions. using ultraviolet absorption and fluores- 
cence techniques. 

The protein has an absorption band at 280 nm 
and Tao others at 330 and 41.5 nm in an approxi- 
mate ratio of 100 : 5.3 : 0.4 [3]. These two smaller 
hands are assigned to PLP [7]. Excitation at 330 
and 415 nm gives rise to an emission fluorescence 
at 525 nm. a peculiarity that has been e.xplained as 
indicating that PLP is bound through a Schiff base 
to a lysine residue within a hydrophobic environ- 
ment. 

The decrease of the enzyme molecular weight in 
the presence of 0.1 M hydroxylamine occurs paral- 

lel to a drop in the absorption maximum at 256 
nm. assigned to the cofactor (see inset in fig. 2). 

This fact is ascribed to removal of PLP, in line 
with the results of Shimomura and Fukui [23]. 
Therefore. the spectral properties of PLP in phos- 
phorylase b disappear when the enzyme is in- 
cubated with hydroxylamine. 

Fluorescence intensity also diminishes with in- 
cubation time (figs. 4 and 5) but, in contrast to the 
change in molecular weight. the curves that show 
the fall in fluorescence always have a negative 
slope, a logical result since this technique only 
detects cleavage of the PLP-enzyme bond. 

The influence of pH upon the process of re- 
moval of PLP was studied using fluorescence (fig. 
4). as performed previously with light scattering. 

When the resolution of phosphorylase b from 
PLP is thoroughly studied at pH 6.0 as a function 
of enzyme concentration (fig. 5), it can be ob- 
served that PLP reactivity is strongly influenced 
by protein concentration, as occurred using light 
scattering. The drop in fluorescence intensity with 
incubation time takes place because of the de- 
crease in the amount of PLP bound to the enzyme, 
the rate of reaction of PLP with hydroxylamine 
being given by: 

u = - (d[PLP-Enz]/dt) 

= X-‘[PLP-Enz]“[NH,OH]h (6) 

t 

I 
I 
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Fig. 4. Fluorescence ratio of the enzyme (1 mg/ml) plotted vs. 

incubation time in 0.1 M hydroxylamine. at 28.5OC. pH: (a) 

5.4. (b) 5.8. (c) 6.0. (d) 6.3. (e) 7. 7.5 and 8.3. 
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Fig. 5. Fhorescence ratio of the enzyme as a function of 
incubation time in 0.1 M hydroxylamine, at 28.5OC and PH 
6.0. Enzyme concentrations (mg/ml): (a) 0.6. (b) 1.0. (c) 2.0 (d) 

2.1. (e) 3.0. 

where [PLP-Enz] is the concentration of PLP 
bound to the enzyme, which can be initially ex- 
pressed as: 

[ PLP-Enz], = c/M,,, (7) 

At low protein concentrations and whenever the 
absorption at the excitation wavelength is negligi- 
ble (there is no internal quenching), fluorescence 

can be considered proportional to the amount of 
PLP bound to the enzyme. For this reason, the 
excitation wavelength was 425 nm instead of 330 
nm, because the latter would only allow one to 
work at an enzyme concentration of 0.1 mg/ml. 

In this case, and independently of experimenta! 
conditions, we can define the following fluores- 
cence ratio: 

F -= 
k’[ PLP-Enz] = [ PLP-Enz] 

F, k’[ PLP-Enz], c/M, 
(8) 

where F and F, are the fluorescence intensities for 
incubation times t and zero, respectively_ 

The initial rate will be given by the expression: 

If we convert eq. 9 to the logarithmic form: 

-log[-(qJ)J= constant + (1 - a)log c 

(10) 

an equation that allows one to calculate the order 
of the reaction with respect to the enzyme if the 
value; of (d( F/F,)/dr), are previously de- 
termined by measuring the initial slopes of the 
curves shown in fig. 5. 

We obtain an order of - 0.3 for this reaction 
(fig. 3), the same as that we obtained using light 
scattering. which proves that monomerization of 
the enzyme cannot be separated from the removal 
of PLP. 

The influence of pH can be analyzed if we take 
into account that: 

u = _ d[PLP-Enz] 

dr 

= Xr”[PLP-Enz]“[NH,OH]h[H’]” 

When I = 0, we obtain: 

(11) 

-log[-(~)J=constant+npH (12) 

Plotting the first term of eq. 12 vs. pH (fig. 6), it 

A 

2 

1 
/-- 

1 I 

5 6 7 8 pH 
Fig. 6. Eq. 12 (see text) plotted i.: order to calculate the order 
of reaction for the dissociation of the PLP-enzyme bond with 
respect to protons. 



can be observed that thr reaction is independent 
of pH at pH > 6.5. while the process has an order 
of 1.5 with respect to protons at pH < 6.5. 

The rise in the rate of reaction when pH is 
Iowered (figs. I, 4 and 6) could be assigned to an 
increase in the reactivity of hydroxylamine. but the 
following facts lead us to believe that this be- 
haviour is due mainly to phosphorylase h: (I) 
Removal of the prosthetic group is accomplished 
at pH < 6.5 even when a carbonyl group reagent 
without a pK in this region (e.g.. r-cysteine) is 
used [24]. (2) The rate of reconstitution of phos- 
phorylase in the presence of PLP is greatly af- 
fected by pH. reaching its peak at pH 6.0 [25]. (3) 
The behaviour of the fluorescence band of phos- 
phorylase h associated with the cofactor as a func- 
tion of pH is very similar to that observed in fig. 7 

r31. 
A series of experiments with the Schiff base 

derivatives obtained by reacting PLP with II- 
hexylaminr havre been performed in solvents of 
different polarity. with the purpose of studying the 
infIuence of pH upon the PLP-phosphoryIase h 
bond. 

b 

a 

280 360 440 XCnm) 

Fig. 7. Ultr.n?olet-visible spectra of rhr Schiff has conjupte 

hCXLbCZl2n 10-J hi PLP and IO-’ hl rt-hexylamine in 

cthand/wnter mirnurcs. (a) 15% ethanol (V/V). pH: (-_) 

7.7. ,------) 7.4. (----I 6.3. C------J 4.0. (h) 9S4 ethanol 

(V./I ). pF{: (- - - - -) 8.0. , - ) 7.0. ( - - - - ) 5.0. 

Using solvents with a high dielectric constant 
(ethanol/water, 15 : 85, v/v)_ we have obtained a 
Schiff base conjugate with major peaks at 415 and 
275 nm at pH > 7.5 (fig. 7a). When the pH is 
lowered below this limit, the absorption at 415 nm 
changes with time, depending on the pH of the 
solution. When equilibrium is reached. the spec- 
trum shows a maximum at 275 nm less intense 
than at pH > 7.5 and the major peak at 415 nm is 
blue-shifted while its intensity decreases in com- 
parison with the value obtained at pH > 7.5. A 
spectrum with a major 295 nm peak is obtained at 
pH 4.0. indicating the appearance of free PLP (261. 

Identical experiments have been carried out 
using solvents of low dielectric constant 
(ethanol/water, 98 : 2. v/v)_ Under these condi- 
tions and at pH > 7.5. the Schiff base derivative 
of PLP shows bands centred at 250. 333 and 425 
nm. At pH < 7. a variation in the absorption at 
333 nm with time can be noticed. as occurred in 
the preceding case. At pH 4.0 the band centred at 
295 nm, typical of frre PLP, appears in the spec- 
trum. AI1 these considerations point to the ex- 
istence of an equilibrium between PLP bound to 
the amine in a Schiff base structure and free PLP. 
even inside a hydrophobic environment. This equi- 
librium is pH dependent especially below pH 7. 

4. Discussion 

Even though removal of PLP seemed to imply 
the use of deforming reagents such as imidazole 
citrate of dissociating reagents such as p-mercuri- 
benzoate r6.24). it has been proved that the choice 
of pH and enzyme concentration is the only essen- 
tial factor. 

Our results indicate that the pH must be high 
enough (pH 7.5) inside the hydrophobic pocket 
where the coenzyme is located in order to stabilize 
the Schiff base structure. A drop in the pH of the 
solution yields distortion of the pocket and subse- 
quent change in the exposure of PLP to the soivent 
(71. Under the conditions. our results suggest that 
the phosphotylase 6-PLP bond must be partially 
hydrolyzed. this fact implying an equilibrium be- 
tween free PLP and PLP bound to the enzyme. in 
good agreement with the results of Shaltiel et al. 
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1241, since these authors describe the existence of 
this equilibrium at pH 6. 

Hydroxylamine is a selective reagent for al- 
dehyde groups 1271, therefore shifting the equi- 
librium free PLP-PLP bound to the enzyme to- 
wards the first species untiI complete remova of 
the cofactor. 

The role played by pH in the removal of PLP 
would be simply to distort the hydrophobic pocket 
where the cofactor is embedded. 

The drop in fluorescence precedes monomeriza- 
tion since dissociation into monomers takes place 
once the apophosphorylase has been obtained. 

It must be emphasized that the same order with 
respect to the enzyme has been obtained using 
different techniques (light scattering and tluores- 
cence). The value of this order, -0-3, indicates 
that we are dealing with a complex process. Hence, 
removal of PLP occurs in a singIe stage and the 
rate of reaction decreases with enzyme concentra- 
tion. 

After the monomerization process, the apoen- 
zyme undergoes self-aggregation leading to species 
that can be detected using Iight scattering, though 
they cannot be studied using fluorescence tech- 
niques. 
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